Abstract This study provides for the first time in the Carpathians analysis of spatial behaviour of 20 male red deer monitored during 2005-2013 using radio-telemetry. Two distinct spatial patterns were displayed in the same local population, i.e. residential and migratory. Residential annual home ranges were significantly smaller compared to migratory ones using both Minimum Convex Polygon and Kernel Home Range, due to periodic movement of migrants between distinct seasonal ranges. Residents remained in the same area throughout the year and showed a positive age effect on the home range size. While seasonal ranges of migrants were comparable in size, residents surprisingly expanded their space use in winter compared to other seasons. Fidelity to seasonal ranges over the years, especially winter, was striking and comparable in both migrants and residents with increasing tendency throughout the year (37-68 %). Vertical differences in home range altitudes were most obvious in migrants, although in both migrant types, significant descent was recorded during the winter. The longest horizontal movements were recorded in three young stags emigrating to neighbouring mountain ranges (30, 47 and 65 km). Because 45 % of the population seems to be migratory, the data support importance of large-scale hunting management established in Slovakia in 2009.
Introduction
The European red deer (Cervus elaphus) is the flagship game species in Slovakia; however, data on spatial behaviour of the species are scarce from this area. In general, spatial behaviour of mammals is influenced by a variety of physiological, ecological and social factors, such as metabolic needs (McNab 1963) , body mass (Harestad and Bunell 1979; Lindstedt et al. 1986) , mating system (Clutton-Brock and Harvey 1978; Clutton-Brock 1989) , age (Georgii and Schröder 1983; Szemethy et al. 1998; Kamler et al. 2008) , population density (Vincent et al. 1995; Loe et al. 2009 ), distribution of feeding habitats (Schmidt 1993; Mysterud et al. 2001 ) and predation and human disturbance (Hebblewhite and Merrill 2007) , resulting in a significant seasonal variation. In this context, ungulates of northern hemispheres reduce food intake, activity and movement during winter within restricted home ranges (Georgii 1980; Clutton-Brock et al. 1982; Georgii and Schröder 1983) . Mountainous environments emphasize the need to preserve energy during nutritional stagnation and to compensate winter food intake loss during summer (Luccarini et al. 2006) .
A strategy to compensate loss is migration to lower altitudes during the winter and, above all, towards upper altitudes during summer. The triggering mechanism of downhill migration is considered to be 20-25 cm of continuous snow cover (Schmitd and Gossow 1991) . In temperate regions, the vertical movement of cervids from low elevation winter range to high elevation summer range is the most common pattern of migration (Mysterud et al. 2001) . Several processes might contribute to altitudinal expansion of populations during summer (Van Beest et al. 2011) . The most prominent among these is clearly the forage maturation hypothesis, which formalizes how access to a more continuous supply of highly nutritious, newly emergent forage is a driving force of migration in large herbivores Hebblewhite et al. 2008; Mysterud 2013) . Temporal shift in phenology allows prolonged access to young, high-quality forage which influences direction and timing of seasonal uphill movements (Mysterud et al. 2001) . On the other hand, seasonal movement of large herbivores might be simultaneously a strategy to reduce predation risk by moving beyond ranges of nonmigratory predators Rettie and Messier 2000) . Yet, complete "escape" from predation will be uncommon, in part, because migration itself is often risky (Hebblewhite and Merrill 2009) . Alternative strategies, such as migratory and non-migratory, can occur within the same species and within the same population, due to environment fluctuation and individual difference (Luccarini et al. 2006) .
The effects of migration have been widely discussed (Albon and Langvatn 1992; Mysterud et al. 2001; Boyce et al. 2003; Hebblewhite and Merrill 2007; Hebblewhite et al. 2008; Jarnemo 2008; Hebblewhite and Merrill 2009) , and from a biological view, they have been described as a positive effect to ecosystems, resulting in a more reasonable spread impacts from grazing and increasing ecosystem resilience . On the other hand, seasonal migration noticeably hampers harvest and management of a population resulting in overexploitation of migrants (Jarnemo 2008; Bolger et al. 2008 ) with negative consequences on population dynamics (Ginsberg and Milner-Gulland 1994; Forsyth 1999; Mysterud et al. 2002) .
The aim of this paper is to analyse first data on red deer spatial behaviour in the Carpathians, because no data are yet available from this area; however, some preliminary results have been presented in the past (Kropil et al. 2005 (Kropil et al. , 2009 ) and in general, very few related studies have been carried out in this region (Okarma 1984 (Okarma , 1991 Nowak et al. 2005; Smietana 2005 ). In particular, the aims of this study are as follows: (i) to present first data on home range sizes at two temporal scales (annual and seasonal) of 20 male red deer monitored for several consecutive years in the Western Carpathians using three home range-estimating methods; (ii) to show distinct patterns of spatial behaviour, i.e. residential and migratory, in the same red deer population evaluating horizontal and vertical movements and (iii) to investigate possible ecological influences on the male home range size and to discuss possible management implications.
Material and methods
The study was carried out in temperate forests of the Western Carpathians in the area of Kremnica Mountains (Fig. 1) . The area of 627 km 2 is morphologically variable and has a mountainous climate with an altitudinal range of 350-1315 m a.s.l. which determines two climate subtypes: the rather humid north with cold mountainous climate, average temperatures −7°C in January and +13°C in July, annual precipitations 1000-1400 mm, snow depth 60-100 cm and duration of snow cover 160 days; and moderate warm mountainous climate on southern slopes with average temperature −5°C in January and +18°C in July, annual precipitations 650-850 mm, snow depth 30-60 cm and 110 days of snow cover. The area has a mosaic structure with 65 % of forests (73 % deciduous, 27 % coniferous), meadows and agricultural land surrounding human settlements. The area is dominated by beech (Fagus sylvatica, 37 %), followed by oak (Quercus spp., 19 %), spruce (Picea abies, 11 %), hornbeam (Caprinus betulus, 10 %), pine (Pinus sylvestris, 7 %) and fir (Abies alba, 7 %). The area is intensively managed from a forestry and hunting perspective; however, there are several natural preserves within the area with restricted management. The red deer is the main game species in Kremnica Mountains, and during this study, its population was estimated to be 2200 individuals in the area. Other wild ungulates living in the area are roe deer (Capreolus capreolus) with a population reaching 2100 individuals and wild boar (Sus scrofa) with 1100 individuals. There is also the constant presence of three large carnivores, namely brown bear (Ursus arctos), wolf (Canis lupus) and lynx (Lynx lynx).
This study was conducted from February 2005 to April 2013. A total of 20 male red deer were darted on feeding stations during winter, aged by tooth eruption, ear-tagged, radio-collared and released. Table 1 ) and were monitored for 6 to 62 months (417 months in total, 20 months per 1 animal). Animals were tracked once per 9 days on average and 1457 locations were collected during the study.
All animals were fitted with ATS M2600 radiocollars with transmitters set on the 150 MHz waveband and surveyed with receiver (ATS FM-100) and three element hand-held Yagi antennas. The location of a radio-collared animal was estimated from bearings obtained from at least three reference points (White and Garrott 1990) with the "loudest signal" technique (Springer 1979) . The actual location was obtained with triangulation software Locate III providing 95 % confidence ellipse of the measure (Nams 2006). Accuracy of fixes was determined as the radius of a circle with an area equal to 95 % confidence ellipse area from all fixes (±140 m).
Annual home ranges were estimated using three commonly used methods: Minimum Convex Polygon (MCP, Mohr 1947) using 100 % of locations, Kernel Home Range (KHR, Worton 1989) , and Local Convex Hull (LoCoH, Getz and Wilmers 2004) , using 90 % isopleths as recommended by Börger et al. (2006) . Because LoCoH was considerably demanding on sufficient number of fixes, seasonal home ranges were estimated using MCP 100 % and KHR 90 %. All three methods were used because this procedure gives a more complete and widely comparable picture of red deer space use (Davini et al. 2004; Luccarini et al. 2006 ). Emigrants were not included in the statistical analysis of annual home ranges and migration, and their movement is only verbally described ID n repeatedly used collar a May was considered as the collective month of birth, and animals were switched to the second year of age in June of the following year (Animal ID 504 started dispersion after collar failure and during monitoring was considered resident). Animals monitored less than 10 months (IDs 261 1 , 294, 324, 650 and 596) were also excluded from estimations of annual home ranges, and the resulting 14 individuals and 26 annual ranges were used for analysis. Seasonal home ranges were estimated using only animals with a completed season (for MCP 100 %) and with more than 16 fixes per animal in a particular season (for KHR 90 %). Home range size was determined for the entire year (annual range: from May to April following year) and for three seasons determined as follows: summer = May to August, rut (mating season and the recovery time after rut)=September to November, winter=December to April; synchronised with natural seasonal cycles of the species in this environment. In order to avoid risk of including fixes from different seasons, seasonal home ranges of migratory animals were classified according to migration date between two seasonal ranges.
Movement strategies were determined following the definition of Zweifel-Schielly et al. (2009): resident, the distance between centroids of seasonal home ranges is less than 3 km; migrant, the distance between centroids of seasonal home ranges is more than 3 km with repeated seasonal return; emigrant, long-distance consecutive movements of young animals without repeated return. Migration was evaluated in both directions, i.e. horizontal and vertical. Horizontal migration was defined as Euclidean distance between centroids of succeeding seasonal home ranges. Vertical movement was evaluated according to altitudes of locations within the particular seasonal home range for each animal. Timing of migration in the migratory segment of the red deer population was calculated from dates of fixes between two seasonal ranges. Seasonal overlaps were calculated from seasonal MCPs recorded in one animal over the subsequent years (summer over summer, etc.). The largest recorded home range for animal and season was used as reference home range (Davini et al. 2004) .
MCP 100 % was calculated by spatial analyst tool in ArcGIS 10 (ESRI 2011), KHR 90 % was calculated in Geospatial Modelling Environment (Beyer 2012) and LoCoH 90 % was calculated using the AdehabitatHR package of the R (R Development Core Team 2009, R version 3.0.1). Statistical analysis was also performed with R. Normality was checked using a Shapiro-Wilk test. Taking into account repeated measures of the same individual in different years and in order to avoid pseudoreplication, a linear mixed-effects model (LME) was fitted specifying subjects (i.e. deer identity) and explanatory variables (i.e. age…). ANOVA was used to test the significance of explanatory variables. The significance level was set at P≤0.05 in all tests.
Results

Annual and seasonal home ranges
Three different movement strategies were identified in the sample: residents (10 individuals), migrants (8 individuals) and emigrants (2 individuals) with a ratio residents:migrants= 1:1.25 (emigrants omitted). Animal ID 504 emigrated from the area after collar failure, however, during monitoring displayed typically residential behaviour and thus was considered to be a resident in the analysis. Methods used for estimation of annual home ranges gave considerably different results. MCP and KHR estimates were larger than LoCoH ones (t=2.904, P=0.007 using MCP; t=4.675, P<0.001 using KHR). A total of 29 annual home ranges were estimated (2 in 2005, 4 in 2006, 5 in 2008, 6 in 2009, 5 in 2010, 2 in 2011 and 5 in 2012) . Residents had significantly smaller annual home range than migrants (Table 2 ). In particular, LME revealed a significant difference between red deer adopting two different strategies using MCP 100 % (F=6.809, P=0.021) and KHR 90 % (F=8.573, P=0.011). LME also indicated that residents expanded their home range size with increasing age (F=5.127, P=0.045 using MCP 100 %; F=5.436, P=0.040 using LoCoH 90 %), while no age effect was seen in migrants (F=0.223, P=0.645 using MCP; F=0.143, P=0.712 using KHR; F=0.007, P =0.933 using LoCoH). Annual home ranges did not differ over the 8 years of the study (F=0.063, P=0.806 using MCP 100 %; F=0.426, P=0.526 using KHR 90 %; F=0.229, P=0.641 using LoCoH 90 %).
Although the average seasonal home range in migrants was larger than in residents over the three seasons, the analysis did not reveal significant differences in size between the two movement strategies (F =2.019, P = 0.176 for MCP; F = 1.217, P=0.205 for KHR 90 %). Surprisingly, residents had comparable summer and rut home ranges but significantly expanded winter home ranges (t=2.383, P=0.021) using MCP 100 %. KHR 90 % revealed expansion of winter home ranges even in both movement strategies (Table 3) .
Migration movements
The analysis of migration distances between seasonal ranges revealed the use of different areas for migratory red deer (F= 15.479, P=0.001; Table 3 ). While migrants underwent considerably long movements between seasonal home ranges (8014±1285 m), residents showed only a marginal seasonal shift in space use (1463±1665 m; Table 4 ).
Interesting to note is that, in spite of the long distances between seasonal home ranges in migratory red deer, the site fidelity to these areas over the years was comparable to that recorded for residents. In fact, analysing the data of animals monitored for more than 1 year in particular season, migratory seasonal overlap (47±11 %) and residential one (56±13 %) did not differ significantly, and migration strategy had no effect on fidelity (F=0.4985, P=0.500). Home range overlap tended to increase throughout the year (F=4.985, P=0.013) with a significant increase in the winter (t=2.24, P=0.035; Table 4 ).
Vertical movement throughout the year was significantly influenced by season. LME clearly confirmed that seasonal altitudes are a function of time (F=15.111, P<0.001). Both migratory and residential red deer reached their highest altitudes in June and July, while the lowest altitudes were recorded during January and February (Fig. 2) . In particular, analysing altitudes of fixes within each seasonal home range, both red deer strategies showed a significant descent in winter months (t=−3.990, P<0.001 in migrants; t=−3.097, P=0.003 in residents) compared to their summer and rut altitudes. Interestingly, migrants showed a significant movement to lower, distinct and relatively hospitable conditions than residents (t=−3.520, P=0.003).
Summer migration occurred on 5th May (±11days), migration to mating areas occurred on 12th September (±3 days) and migration to wintering areas took place on 13th November (±6 days).
Discussion
The present work describes two distinct movement strategies of red deer, i.e. migratory and residential, in the Western Carpathians. The differences in annual home range sizes between migrant and resident were significant and seasonal changes in the size and altitude of the home ranges were also proven. While MCP and KHR gave comparable results, LoCoH significantly differed from both, probably as consequence of small sample size. The use of several methods allowed wider comparison with other studies and provided a more complete picture of red deer spatial behaviour. The home range size of red deer varied considerably as several other studies indicate (Table 5 ) and emphasize the significance of the particular environment (Georgii and Schröder 1983) . In lowlands with no presence of predators, red deer tend to exhibit non-migratory behaviour (Nahlik et al. 2009; Kamler et al. 2008) , while in mountainous regions with strong seasonal spatial variation of critical resources, red deer tend to migrate regularly (Luccarini et al. 2006; Zweifel-Schielly et al. 2009 ), which is consequently reflected in home range size. Luccariny et al. (2006) reported relatively smaller annual home ranges in the Italian Alps compared to those recorded in Slovakia, possibly due to summing both sexes in calculations, because females commonly use smaller ranges than males (Georgii 1980; Kamler et al. 2008) . To the contrary, red deer occupying flat landscapes in Hungary surprisingly displayed use of wide ranges reaching double the size of those in Kremnica Mountains (Szemethy et al. 1998) .
Movement strategies seem to be slightly unequally distributed in the population with a M:R ratio of 1:1.25. This ratio obviously correlates with topographic diversity of the given area. For example, while in Hungary, red deer do not exhibit migration movements (Nahlik et al. 2009 Annual home range size was confirmed to increase with age of the animal related to potential dominance and growing nutritional requirements (Clutton-Brock et al. 1982; Mysterud et al. 2001 ). This conforms with other studies describing positive age effects on annual home range size in large herbivores (Georgii and Schröder 1983; Szemethy et al. 1998; Cederlund and Sand 1994) . The size of winter home range in residents was significantly larger compared to other seasons, while season had no effect on home range size in migrants. Seasonal areas used by migrants did not differ in size across all seasons. Residents used comparable ranges during summer and autumn, while significantly expanding their space use in winter. This finding does not fit the general concept that climatic conditions influence ungulate spatial behaviour by reducing winter home range size as reported in red deer (Georgii and Schröder 1983; Koubek and Hrabe 1996) , roe deer (Mysterud 1999; Rivrud et al. 2010) , moose (Phillips et al. 1973; Thompson and Vukelish 1981) and ibex (Parrini et al. 2003) . However, Anderson et al. (2005) reported that elk home ranges increased in winter and attributed this to predator pressure of wolves, population densities and reduced quantity and quality of forage. It is also known that quantity of forage negatively influences the home range size, while quality positively influences the size of the range (Mysterud et al. 2001 ). This might be seen in Kremnica Mountains, given that the topography of the area probably causes an increase of density in the southern parts used as wintering refugees. Consequent intensive browsing reduces availability of woody browse and forces animals to search for high quality forage provided by supplementary winter feeding widespread over the area. Moreover, Kamler et al. (2008) suggested that periodic presence of predators hunting in particular areas may result in an increase of overall movement to avoid excessive predation.
Seasonal site fidelity between years was remarkable and tended to increase during the year in both, migrants and residents. Interestingly, irrespective of long distances between summer and winter areas, migrants showed site fidelity comparable to residents. Overlaps tended to increase during the year with maximum during winter as also shown by Luccarini et al. (2006) . Strong seasonal and annual site fidelity in cervids is common (Rudd et al. 1983; Edge et al. 1985) because fidelity likely carries advantages including knowledge of forage resources and security cover (Webb et al. 2011 ).
The longest dispersal movement was recorded in young stags emigrating to neighbouring mountain ranges. Animal ID 233 moved 30 km east to neighbouring Polana Mountains, animal ID 683 moved 15 km west to Vtacnik Mountains for winter and then travelled another 50 km reaching Tribec Mountains (65 km in total). One year after collar failure, animal ID 504 was identified according to ear tag in Velka Fatra Mountains 23 km north from the last recorded position and in the same year was culled another 24 km north in the same mountain region (47 km in total). Jarnemo (2008) reported similar 47 km movement of red deer in southern Sweden. All emigrants started long-distance movements at a young age (2-3 years), which conforms with the findings of Georgii and Schröder (1983) that stags left the "motherland" after 2.5 years. Dispersal behaviour in males may occur due to local resource competition "pulling" individuals to lowdensity areas and/or local mate competition "pushing" young males to leave the natal range (Loe et al. 2009 ).
Significant descent during winter was observed in both movement strategies; however, vertical differences in home range altitudes were most obvious in migrants. While residents simply increased the use of areas at lower altitudes within the same area as they used during summer, migrants displayed periodic vertical movement from high summer altitudes to distinct wintering areas in southern parts of the mountain range. Although Luccarini et al. (2006) reported migrants moving significantly higher in summer compared to residents in Italian Alps, the topography and moderate mountainous climate of the Kremnica Mountains caused that both, migrants and residents remained in comparable altitudes during summer while migrants travelled downhill in winter. This is in contrary with the general concept that migratory animals take advantage of high altitudes while residents remain in the low altitudes during summer as seen in Alps (Luccarini et al. 2006; Zweifel-Schielly et al. 2009 ). The possible explanation of residents remaining in considerably higher altitudes during winter than migrants is higher Seasonal ranges
♂ migrant
Mts Mountains; NP National Park; Hung. Hungarian; res. resident; mig. migrant; avg. average availability of forage. Research in the area showed that winter forage availability was lower on wintering areas, mostly including meadows and agricultural land, compared to vertically well-differentiated forested habitats in higher altitudes providing access to woody browse, the main source of natural forage for red deer during winter. Moreover, winter logging in the area can also temporally provide additional highly nutritious forage of sufficient abundance. Also, comparing absolute altitudes of wintering residents in Kremnica Mountains (800 m a.s.l.) with those in Alps (1100 m a.s.l., Luccarini et al. 2006) , it is clear that red deer can easily survive in "high" altitudes of Kremnica Mountains. Why do migrants move downhill? There is a general agreement that downhill migration is a strategy to avoid harsh winter conditions at high altitudes because snow cover reduces access to forage, increases the energetic cost of movement (Parker et al. 1984) and exposes red deer to higher predation risk (Cederlund and Lindström 1983) . And regular presence of wolves in the area may also cause that migrants adopted large scale strategy to avoid predation by moving closer to humans and occupying poorer forage resources, while residents increased winter movement activity at finer scale (Table 3) . The findings of this study emphasize the need for coordination of management effort and objectives at a large scale, since almost half of the population seems to be migratory moving across distinct landscape units and landholdings. Considering the minimum extent of the hunting ground in Slovakia to be 2000 ha (Garaj and Kropil 2013) , there is a logical demand of more complex approach in order to take into account migratory animals occupying multiple size of this area. The Hunting Act 274/2009 for the first time established large-scale game management in Slovakia, establishing hierarchical coordination of hunting units over the geographic ranges considered as compact hunting areas with identical management objectives. Considering migration distances, the smallest area for unified management should be at least 300 km 2 . The coordination at the landscape scale is aimed to prevent contradictory management within the same population. However, 74 % increase of red deer population in Slovakia from 2000 to 2011 correlating with growing damages of young forest stands can be considered as an indicator of contradictory management in the past decade. Authors of the new concept of hunting management in terms of damages of young forest stands (Konopka and Kastier 2013) concluded that red deer population in 2011 was 57 % higher than its normative numbers and suggested to decrease the population gradually from current 58,100 individuals to normative 32,900 by 2025. Given the strong fidelity to seasonal ranges, it would be also useful to identify wintering areas within the mountain ranges and suitably adjust hunting quotas for these areas. A temporal solution to mitigate this conflict might be supplementary winter feeding historically spread over the whole Carpathians and recently obligatory practice given by law in Slovakia, Ukraine and Romania. However, the effect of supplementary feeding is still unclear and results from related studies are often equivocal (Putman and Staines 2004) . Some authors even consider this practice as negative, causing substantial browsing deterioration in forests (Luccarini et al. 2006) . But feeding experiments under controlled conditions (Rajsky et al. 2008) indicate that correctly designed supplementary winter feeding could be used as a tool for effective game damage control. However, data in this study confirmed that migration is a very important component of resilient and sustainable ecosystems and its understanding is the key to a future successful management.
